We study the collider phenomenology of a Littlest Higgs model with T-parity.
It has been shown recently that the collective symmetry breaking mechanism in the Little Higgs models [2] can provide an interesting solution to the Little hierarchy problem and the Littlest Higgs (LH) [3] model is the most economical Little Higgs model discussed in the literature. However, the original version of the LH model suffers from precision electroweak constrains [4] and the value of f , which characterizes the mass scale of new particles in the model, is forced to be larger than about 4 TeV. Since the cutoff scale of the model is about 4πf , the fine tuning between the cutoff scale and the weak scale will be needed again for a too large value of f . The Littlest Higgs model with T-parity (LHT) [5, 6, 7, 8] is one of the attractive Little Higgs models. It provides a possible dark matter candidate [9] and furthermore, all dangerous tree-level contributions to low energy electroweak (EW) observables are forbidden by T-parity and hence the corrections to low energy EW observables are loop-suppressed and small. As a result, the relatively low new particle mass scale f is still allowed by data, e.g., f > 500 GeV [7] .
The LHT predicts heavy T-odd gauge bosons which are T-parity partners of the SM gauge bosons. Moreover, in order to implement T-parity in the fermion sector, one introduces the heavy T-odd SU(2)-doublet fermions, which are T-parity partners of the SM SU(2)-doublet fermions and unique to Little Higgs models with T-parity. Therefore, having the relatively low new particle mass scale f , the CERN Large Hadron Collider (LHC) will have a great potential to directly produce the T-parity partners of the SM particles, and hence it is important to probe the LHT at the LHC.
In previous works on studying the phenomenology of the LHT [6] , the effects of T-odd SU(2) doublet fermions were not included. A preliminary study on the phenomenology of these T-odd SU(2)-doublet fermions in the LHT was reported in Ref. [10] . Although, motivated by the dark matter consideration, Ref. [11] studied some interesting processes which include the effects of T-odd SU(2) doublet fermions, a complete study on the phenomenology of these T-odd fermions in the LHT has not yet been presented.
In this paper, we first stress the important role of the T-odd fermions in high energy scattering processes relevant to the LHC, such as→ W + H W − H , where W ± H is the T-parity partner of W -boson. We show that it is necessary to include the contribution from the t-channel process, via the exchange of these T-odd heavy fermions, to render its scattering amplitude with a good high energy behavior, so that its partial-wave amplitudes respect the unitarity condition. We also show that its numerical effect cannot be ignored for studying the collider phenomenology at the LHC. Furthermore, since the current experimental constraints of the four-fermion contact interactions place an upper bound on the T-odd SU(2) doublet fermion masses [7] , we find not only that the T-odd fermion contribution to→ W + H W − H is quantitatively important, but also that the direct pair production rate of the T-odd fermions could be significant at the LHC. To illustrate this point, we classify all production processes of the new heavy particles predicted by the LHT, and calculate the corresponding production cross sections and decay branching ratios, including the effects induced by the T-odd SU (2) doublet fermions. The rest of this paper is organized as follows. In Sec. II, we briefly review the model we study here, a Littlest Higgs model with T-parity. In Sec. III, we discuss the high energy behavior of uū → W + H W − H process to illustrate the importance of the T-odd SU(2) doublet fermion contribution to high energy scattering processes, in order to restore the unitarity of partial wave amplitudes. In Sec. IV, we show our numerical results of the phenomenological study on the Littlest Higgs model with T-parity at the LHC energy. Our conclusion is given in Sec. V.
II. A LITTLEST HIGGS MODEL WITH T-PARITY
In this section, we briefly review the Littlest Higgs Model with T-parity studied in [5, 6, 7] and present our notation of the model. The Littlest Higgs model is based on an SU(5)/SO (5) non-linear sigma model [3] . A vacuum expectation value (VEV) of an SU (5) and X a are the generators of the broken symmetry. The components 1 0 and 3 0 in the Nambu-Goldstone boson multiplet are eaten by the heavy gauge bosons associated with the gauge symmetry breaking. The SU(2) doublet 2 1/2 is considered to be the Higgs doublet.
The doublet 2 1/2 and the triplet 3 1 Higgs bosons remain in the low energy effective theory, which are introduced through: 
where 0 2×2 is a two by two matrix with zero components and the superscript T denotes taking transpose. Here we only show the doublet Higgs H(2 1/2 ), where π + and π 0 are eaten by the SM W -and Z-bosons, respectively, and the triplet Higgs Φ(3 1 ), which forms a symmetric tensor with components φ ±± , φ ± , φ 0 and φ P [12] . Since the non-linear sigma model field Σ transforms as Σ → V ΣV T under the SU(5) rotation V , its gauge-invariant kinetic term is given by
where the covariant derivative D µ for the [SU(2) 1 ×U(1) 1 ]×[SU(2) 2 ×U(1) 2 ] gauge symmetry is defined as
Here W 
where σ a is the Pauli matrix, 0 2 = (0, 0) T and "diag." denotes a diagonal matrix.
A. Gauge boson sector
T-parity [5, 8] . The T-odd combinations are T-parity partners of the SM gauge bosons. After taking into account electroweak symmetry breaking, the masses of the T-parity partners of the photon (A H ), Z-boson (Z H ) and W -boson (W H ) are given by
Here v SM is the electroweak breaking scale, v SM ≃ 246 GeV, so that at tree level the SM gauge boson masses can be expressed as
boson and Z-boson, respectively. Because of the smallness of g ′ , the T-parity partner of the photon A H tends to be the lightest T-odd particle in this framework. Since the lightest T-odd particle is stable, it can be an interesting dark matter candidate [9] .
Because of the T-parity, SM gauge bosons do not mix with the T-odd heavy gauge bosons even after the electroweak symmetry breaking. Consequently, the low energy EW observables are not modified at tree level. Since the new heavy T-odd particles always contribute to loops in pairs, the loop corrections to the EW observables are typically small.
As a result, the new particle mass scale f can be as low as 500 GeV [7] , and hence, T-odd heavy gauge bosons can be copiously produced at the LHC.
B. T-odd SU (2) doublet fermion sector
To implement T-parity in the fermion sector, one introduces two SU(2) fermion doublets q i (i = 1, 2) for each SM fermion doublet [5, 6, 7] . Here q i are the doublet under SU(2) i (i = 1, 2), and T-parity exchanges q 1 and q 2 . The T-even combination of q i is the SM fermion doublet and the other T-odd combination is its T-parity partner. To generate a heavy mass for the T-odd fermion doublet, we introduce the following interaction, as In the multiplet Ψ c , there are other extra T-odd fermions. For those fermions, we simply assume Dirac masses, as suggested in Ref. [5, 8] . Furthermore, we assume that their Dirac masses are so large (as large as about 3 TeV) that these extra T-odd fermions are decoupled, but remains to be small enough not to generate the naturalness problem in the Higgs mass parameter. Thus, in our following analysis, we will not consider any effects induced by these extra T-odd fermions.
The U(1) A charges Y A for fermions are listed in Table I . 1 Those charges are determined by the gauge invariance of the Yukawa couplings which we will discuss later. In addition to the normal SM gauge interactions, the T-odd fermions interact with their SM partner fermions and the heavy gauge boson as follows:
where Y ′ = −1/10, and s H (≡ sin θ H ) describes the degree of mixing between heavy neutral gauge bosons with
4f 2 and c H ≡ cos θ H . For clarity, the corresponding Feynman rules are presented in Appendix A. Through these interactions, the T-odd fermion can contribute to heavy gauge boson productions. Also, it can be directly produced via exchanging light gauge bosons, heavy gauge bosons, and gluons at high energy hadron colliders, such as the LHC, as we will discuss in the following sections.
C. Yukawa couplings for Top and other fermions
In order to cancel the large radiative correction to Higgs mass parameter induced by topquark, we introduce in the top sector the singlet fields U L 1 and U L 2 , which are embedded, together with the q 1 and q 2 doublets, into the following multiplets:
T . For the top-Yukawa interaction, one can write down the following T-parity invariant Lagrangian: [5, 6, 7] :
where ǫ ijk and ǫ xy are antisymmetric tensors, and i, j and k run over 1 − 3 and x and y over 4 − 5. u R + and U R i (i = 1, 2) are SU(2) singlets. Under T-parity, these fields transform as
The above Lagrangian contains the following mass terms:
Here we have defined the T-parity eigenstates as
and 
where the mixings are approximately expressed by
The masses of the top quark (t) and T-even heavy top quark (T + ) are given by In the top sector, there are two free parameters λ 1 and λ 2 , which can be replaced by λ 1 and s α as two independent parameters. The experimental value of the top quark mass (M t )
gives the relation between λ 1 and s α as
for s α ≥ 0 and M t = 175 GeV. Moreover, following the method presented in Ref. [14] , we calculated the J = 1 partial wave amplitudes in the coupled system of (tt, T +T+ , bb, W W, Zh)
states, which are relevant to the top Yukawa coupling, to estimate the unitarity limit of the corresponding scattering amplitudes. From the unitarity limit, we can get a mild constraint on the parameters: s α /c α ≤ 3.3, which corresponds to
cf. Eq. (17) . Its detailed discussion is presented in Appendix B for completeness. We could also discuss the "naturalness" constraint on these parameters. If we calculate the one-loop contribution to the Higgs mass parameter (m h ) induced by the top sector, the correction is described by ∆m 
In other word, We summarize these constraints on the parameters of the top sector in Fig. 1 is given by
where
Here X transforms intoX under T-parity, and it is a singlet under SU(2) i (i = 1 − 2) with its U(1) i (i = 1 − 2) charges being 
where a t and a g are constants of the order of 1. Note that because of the collective symmetry breaking mechanism, the doublet Higgs boson does not receive quadratically divergent 
In our analysis, we take the doublet Higgs boson mass M H as a free parameter, and we calculate the triplet Higgs boson mass using Eq. (24) 3 . Since the triplet Higgs multiplet can participate in electroweak interactions and the triplet Higgs boson masses can be of the order of TeV, they can be directly produced at the LHC.
In Table II , we list the typical mass spectrum of the heavy T-parity partners of the SM particles. Here we have taken the scale f to be 1 TeV, s α = 1/ √ 2 (or, equivalently,
, κ = 1, and the top quark and Higgs boson masses to be 175 and 120 GeV, respectively. We will assume this set of model parameter values in the rest of this paper, unless otherwise stated.
III. HIGH ENERGY BEHAVIOR OF
Before we present a detailed study on the collider phenomenology of the Littlest Higgs model with T-parity, we stress in this section the importance of the T-odd SU(2) doublet
fermion contributions to high energy processes. To illustrate the important role of the T-odd SU(2) doublet fermions in high energy processes, we discuss the high energy behavior of
The tree-level diagrams for this process are given in Fig. 2 . The amplitudes of the s-channel process with photon and Z-boson exchanged are expressed by A γ and A Z , respectively, and the amplitude of the t-channel process with T-odd down
sin 2 θ W P R , θ W is the weak mixing angle, and
) is the left-handed (right-handed) projection operator. In the center-of-mass
H , the 4-momenta of the particles can be chosen to be
where E is the energy of incoming and outgoing particles, p is the momentum of outgoing heavy gauge bosons and θ is the scattering angle. In order to check its high energy behavior, we consider the case that both the heavy gauge bosons W + H and W − H are longitudinally polarized. Since the incoming fermion u and anti-fermionū have opposite helicities, the helicity amplitudes of s-channel and t-channel processes can be easily found to be heavy T-odd down-quark, respectively. As we take the high energy limit, i.e.
, each amplitude behaves as follows:
It is evident that each term diverges as energy goes to infinity, but their sum is zero because of the cancellation between the s-channel and t-channel contributions. Therefore, we conclude that including the contribution from the T-odd down-quark is essential to warrant a good high energy behavior of the scattering process uū → W
H . This can be illustrated by partial-wave analysis, as to be given below.
The J = 1 partial-wave amplitude (denoted as a J=1 ) of the uū → W + H W − H process, for producing longitudinal W H 's, consists of two contributions: one from s-channel, another from t-channel. We find
where α =
and process. This contribution was not taken into account in the previous study [6] . As we show later, the theoretical prediction of the pair production cross section of heavy W -boson significantly depends on the mass of the T-odd down-quark. Moreover, because the mass of the T-odd SU(2) doublet fermions cannot be too heavy, cf. Eq. (10), they can be copiously produced at the LHC. Therefore, in the following section, we study the collider phenomenology of the LHT with emphasis on the contributions of the T-odd fermion to the production of the heavy T-parity partners (either bosons or fermions) at the LHC.
IV. PHENOMENOLOGY
The Little Higgs mechanism which provides the cancellation of dominant quadratic divergences from the top-quark and SM gauge bosons in Higgs boson mass term, demands the presence of the partners to SM fermions and bosons. In particular, detection of the T-even and T-odd partners of top quark would provide a clear hint for the Little Higgs mechanism with T-parity. Similarly, the heavy T-odd gauge bosons of the electroweak gauge boson partners are also essential components of the Little Higgs mechanism. Many studies [6, 12, 17, 18, 19, 20, 21, 22, 23] have been presented in the literature on the detection strategies for T-even and/or T-odd partners of top quark and heavy T-odd gauge bosons at high energy colliders. On the other hand, the T-odd SU(2) partners of SM fermions of the first and second generations received so far little attention with respect to collider phenomenology. As we have shown, these fermions are crucial component of LHT for providing its consistency with respect to unitarity and viability with respect to constraints from contact interactions.
In this section, we first discuss the production of these heavy T-odd fermions, either produced in pairs or in association with heavy T-odd gauge bosons at the LHC. Then, we discuss the impact of T-odd fermion contribution to the production of heavy T-odd gauge boson pairs. As discussed in the previous section, it is necessary to include the contribution from these heavy T-odd fermions to yield an unitary scattering amplitude. For completeness, we will also discuss the production of heavy T-odd triplet Higgs bosons. In the end of this section, we will briefly discuss the potential of the LHC for testing LHT by classifying several most interesting experimental signatures.
A. Direct Production Rates at the LHC Given the model described in section II, we can easily calculate the direct production rates of non-SM fermions, gauge bosons and triplet Higgs bosons. In our numerical results, we have used CTEQ6M parton distribution functions [24] with the renormalization and factorization scales chosen to be the invariant mass of the constituent process. Only the leading order results are reported here. For our phenomenological analysis we have im-plemented the complete LHT into CalcHEP package [25] 4 and used it in our analysis. To check our analytical derivation of the effective lagrangian for the implementation of the LHT into CalcHEP, we applied LanHEP package [26] for automatic generations of Feynman rules for the CalcHEP. Indeed, it turned out that independent implementation of the model was crucial for the cross check of the previous studies [6] .
In our analysis we fix the model parameters to be κ = 1, s α = 1/ √ 2 (or equivalently,
, the Higgs boson mass M H =120 GeV, and the top-quark mass M t = 175 GeV, while studying the signal production rates as a function of the new particle mass scale f . With this choice of the model parameters, the effective W +t b coupling is
Quark-Quark production rates
The LHC is a proton-proton hadron collider, so that a heavy T-odd quark, denoted as q − can be copiously produced in pairs as long as its mass is not too large. There are two main mechanisms of T-odd quark pair production. Firstly, q − q
− , same-sign-charge quarks can be produced via exchanging the T-odd heavy photon and Z-boson (A H and Z H ) in In Fig. 6 we present pair production rates of first and second generation heavy T-odd quarks versus f value, organized by their electric charges. The corresponding masses of the new heavy particles relevant to the production processes under consideration are listed in the top margin of the figure, corresponding to the respective f values at the bottom. In Fig. 7 we present various production rates of heavy T-even and T-odd top quark pairs 750  1000  1250  1500  1750  2000  2250  2500  2750   75  100  125  150  175  200  225  250  275  300   400  500  600  700  800  900  1000 1100 750  1000  1250  1500  1750  2000  2250  2500  2750   600  800  1000  1200  1400  1600  1800  2000   750  1000  1250  1500  1750  2000  2250  2500  2750 FIG. 7: The third generation heavy T-odd and T-even quark production cross sections at the LHC.
lighter than the T-even heavy top (T + ). Note that the mass of T-odd doublet quarks is determined by the choice of κ value which is taken to be 1. In this case T-odd heavy doublet top quark (t − ) mass is larger than the T − mass and is about the same as the T + mass.
As f increases, both T − and T + become heavier, and the single-T + production in association with light quarks (qT + + qT + ) (long-dashed curve) rate becomes larger than the T −T− rate. This is because of the phase space suppression in T −T− (or T +T+ -dotted curve) pair production, for producing two heavy particles, as compared to producing only one heavy particle in single-T + event. Furthermore, the single-T + production mechanism is dominated by longitudinal W -boson fusion with the incoming bottom quark in the t-channel production process, similar to the SM t-channel single-top production [27, 28] . Due to the collinear enhancement for the light quark emitting a W -boson in the high energy region, the constituent cross section of single-T + process does not drop as fast as that of pair production process.
We note that for a fixed T + mass, the single-T + production rate is proportional to s
cf. Appendix A. In Fig. 7 , we also show the production rates of the T-odd t −t− and b −b− pairs (short-dashed curve), where t − and b − are originated from the T-odd SU(2) doublet quark fields, and their masses are generated from the κ term of the effective Lagrangian.
One can see that T +T+ and t −t− (or b −b− ) production cross sections are very close to each other because of the same production mechanism and the similar masses of T + and t − (b − ) (for this particular choice of model parameters). Fig. 7 also presents cross sections for the associate tT + (short dot-dashed line) and bT + (long dot-dashed line) productions. The tT + production rate dominates over the bT + rate because the diagram with t-channel W -boson exchange plays the leading role for the tT + production, and the similar diagram for bT + production is suppressed by CKM matrix elements. For example, it is suppressed by V cb in the cb → bT + production process.
Quark-Boson production rates
Another production mechanism for heavy T-odd quarks in the LHT is via associated production with heavy T-odd gauge bosons. Since the initial state of the scattering processes is T-even, the final state has to be a pair of T-odd particles. production is also at the percent level, while the t − Z H contribution is not included because we do not take top quark as a parton in our calculation. The same conclusion for q − Z H production also holds for q − A H production after substituting Z H by A H .
One can see that q − W H (solid line) associate production is the dominant one, q − Z H (dashed line) production rate is about a factor of 2 smaller due to the ratio in their couplings
and q − A H (dot-dashed line) production is suppressed even more due
We note that due to T-parity, the T-even heavy top quark T + can be produced associatively with the SM (hence, T-even) gauge bosons, not the T-odd heavy gauge bosons, whose production rates are also given in Fig. 8 
Boson-Boson production rates
As discussed in the previous section, the presence of the T-odd heavy quarks in the model is essential for unitarising the scattering amplitudes of→ V H V H processes, where V H denotes T-odd heavy electroweak gauge bosons. In Fig. 9 we show all possible T-odd heavy gauge boson pair production cross sections versus f values. We note that due to the destructive effect from the t-channel T-odd heavy quark exchange diagram, which is needed to respect unitarity in high energy region, the predicted T-odd gauge boson pair production rates are smaller than those reported in Ref. [6] where the important T-odd heavy quark exchange diagram was not included in the calculations.
Moreover, it is not a constant suppression factor in every production channel such that the [6] . To examine the dependence on model parameters, we show in Fig. 10 700  800  900  1000  1100  1200  1300   75  100  125  150  175  200  225  250  275  300   400  500  600  700  800  900  1000 1100 1200 1300 FIG. 11: Heavy T-odd Higgs production rates at the LHC.
Higgs-Higgs production rates
In the LHT, the direct production mechanism of the normal (T-even) Higgs boson is similar to the SM Higgs boson production though with somewhat suppressed couplings. We refer the reader to Ref. [16] for more detailed discussions. In high energy collision, the Todd triplet Higgs bosons can be produced in→ φφ processes at the tree level via gauge interactions of φ, where φ denotes any of the T-odd heavy triplet Higgs bosons. Their direct production rates are small because at tree level they are produced via s-channel processes with highly virtual gauge boson propagators. Though t-channel diagrams also take place, they are strongly suppressed because they involve heavy T-odd quarks and the− φ coupling is suppressed at least by v/f . Nevertheless, the T-even Higgs bosons can be copiously produced from the decay of Todd heavy quarks, as to be discussed below. For that, we shall first examine the decay branching ratios of the T-odd heavy quarks and gauge bosons predicted in this model.
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B. Decay branching ratios
In order to study the phenomenology of the T-odd heavy particles predicted in the LHT, we need to know about their decay branching ratios. In addition to the SM parameters, the dominant two-body decay modes of the first and second generation T-odd quarks only depend on two more parameters: f and κ, i.e. f determines the mass of the T-odd heavy gauge bosons and both f and κ determine the mass of T-odd heavy quarks. If κ is of the order of 1, then because of the smallness of gauge coupling strength, the T-odd gauge bosons are typically lighter than the T-odd quarks. When the lightest T-odd particle (LTP) is A H so that it could be a good candidate for dark matters, the heavy T-odd quarks mainly decay into a normal QCD jet plus a T-odd heavy gauge boson W ± H , Z H or A H . As shown in Table III The striking feature of the T-odd heavy gauge boson decay pattern is that W ± H almost exclusively decay into a W ± A H pair, while Z H decays into a ZH pair, for κ being of the order 1 and the mass of the (T-even) Higgs boson is about 120 GeV. This is because the masses of W ± H and Z H are about the same and are smaller than the T-odd heavy quark masses (unless κ is much less than 1). In such cases, the normal (T-even) Higgs boson can be copiously produced from the decay of T-odd heavy gauge boson Z H which can be produced either associatively with T-odd heavy quarks or another heavy T-odd gauge bosons, as discussed above.
For the chosen model parameters, with κ = 1 and λ 1 = λ 2 (or, s α = 1/ √ 2) and M H = 120 GeV, there is no tree-level two-body decay mode for the T-odd doubly charged triplet 
C. Signal processes and the collider signatures
In this section we shall discuss various experimental signatures of signal processes at the LHC for the same values of model parameters as given in the previous section. For simplicity, we shall concentrate on the pure leptonic decay modes of gauge bosons in the final decay chain of T-odd heavy quarks and gauge bosons.
The 1st and 2nd generation heavy T-odd quark pair production
According to the multiplicity and charge of the leptons produced from the first and second generation T-odd heavy quark chain decays, we can classify the T-odd heavy quark pair event signature as signal events with like-sign di-leptons, opposite-sign di-leptons, and single charged lepton with large missing transverse momentum.
As shown in Fig. 4 , the valence quark initiated pp → q − q − processes via the exchange of heavy electroweak gauge bosons could give rise to a large production rate of signal events with a pair of like-sign charged leptons in the final state to yield a distinct experimental signature. For example, 750  1000  1250  1500  1750  2000  2250  2500  2750   75  100  125  150  175  200  225  250  275  300   400  500  600  700  800  900  1000 1100 chains lead to the ℓ + ℓ + + E T + jets signature, while
The overall decay branching ratios for the above reactions can be easily calculated from Table III With the high luminosity option of the LHC, around 300 fb −1 , there will be a large number of signal events with like-sign di-leptons, with large transverse momentum (P T ), and large
The prominent feature of this signal signature is that it is free of large tt background. This is similar to the case for studying the longitudinal weak boson scattering processes in the TeV region, with emphasis on the so called Gold-platted purely leptonic decay mode of weak bosons. As shown in Ref. [29] , after imposing the kinematic cuts on the charged leptons, the SM background rate, which is dominated by the intrinsic electroweak qqW ± W ± production and the W tt associate production, is already down to the level of a few tenth fb. It is expected that one can further discriminate the signal event from the SM background event by requiring a large scalar sum of the transverse momenta, contributed by the two high P T charged leptons, jets and E T , which is known as the H T parameter in the search for top quark at the Tevatron [30] . This is because in the signal event, two heavy T-odd quarks are produced so that the center-of-mass system has a much larger mass. Furthermore, one can use the kinematic constraints, similar to those used in the tt analysis carried out at the Tevatron, to purify the data sample with T-odd heavy quarks. Finally, one can construct the transverse mass of the final state system, in analogy to the one introduced in Ref. [29] for studying the longitudinal weak boson scattering, to further discriminate the SM background from the signal events. Therefore, the LSL signature of the T-odd quark pair events is expected to provide a clear verification or disproof of the Littlest Higgs model with T-parity unless the signal production rate is largely suppressed for very large f and therefore very heavy T-odd quarks.
2) opposite-sign lepton (ℓ ± ℓ ∓ + E T + jets) signature (OSL)
A shown in Fig. 6 , the production of T-odd heavy quark pairs with opposite electric charges has a higher rate than the like-sign heavy quark pairs. For example,
processes all give rise to the ℓ + ℓ − + E T + jets signature. When the mass of the T-odd heavy quarks increases, the electroweak production rate becomes more important than the QCD production rate. One of the reasons is that the former process is dominated by the t-channel exchange of a relative light A H boson, and the later process is induced by the s-channel exchange of a virtual gluon. Another reason is that the former process can be initiated by two valence quarks (via t-channel process) while the later process must involve a sea-quark parton whose density function becomes smaller in the large x-region for producing a heavier T-odd heavy quark pair.
The overall decay branching ratio for the above reactions is equal to Br[q − q − → LSL].
Hence, the OSL signal event rate is larger than the LSL signal event rate as indicated by the dot-dashed line in Fig. 13 . However, the OSL signal suffers from a much larger SM background rate induced by the tt production. Nevertheless, the same strategies discussed above to suppress the SM background rate in the LSL analysis also applies to the OSL case because the signal events are all generated from a system with a much larger mass (i.e., the invariant mass of the heavy T-odd quark pair) as compared to the SM background processes.
To be certain, a detailed Monte Carlo analysis is needed which is beyond the scope of this work.
3) Single charged lepton (ℓ
One may also consider the signal event signature with only one charged lepton in its final state, with one of W ± decaying leptonically and another hadronically. The overall decay branching for the above reactions is equal to
The production rate is also higher, as presented by the dashed line in Fig. 13 , for all the above T-odd heavy quark pair production channels are combined. On the other hand, the expected background will also be orders of magnitude higher. Hence, it is more challenging to detect the signal events in the single charged lepton mode.
The third generation heavy quark pair production
In order to cancel the quadratic divergence induced by the top quark loop for Higgs boson mass correction at the one-loop order, we need to introduce additional heavy quarks (heavy partners of top quark) into the LHT model. In general, there are T + , T − , originated from the top quark Yukawa sector, cf. Eq. (12), and t − , originated from the κ term interaction with b − as its isospin partner, cf. Eq. (8).
1) T −T− production with T −T− → A H A H tt
The T −T− production rate at the LHC is quite large, which is about 30 fb for f = 1 TeV. The 750  1000  1250  1500  1750  2000  2250  2500  2750   600  800  1000  1200  1400  1600  1800  2000   750  1000  1250  1500  1750  2000  2250  2500  2750 FIG. 14: Rates for opposite-sign di-lepton and single charged lepton signatures from the third generation heavy quark pair production at the LHC.
experimental signature of this signal event can be either OSL or 1L. Its production rate only depends on T − mass and the decay branching ratio of T − → tA H is about 100%. Therefore, it is important to test this production mode at the LHC, for the signal rate can be predicted with great confidence. We present OSL rates for T −T− production in Fig. 14 as solid line.
There have been a few studies in the literature to discuss how to detect this channel at the LHC [6, 21] , though more detailed Monte Carlo analysis is needed to confirm how well this channel can be detected. It was also pointed out that it could be very challenging to distinguish this production channel with the top-squark (stop) pair productions predicted by the Minimal Supersymmetric Standard Model (MSSM) with the subsequent decay of stop into top quark and the lightest supersymmetric particle (neutralino) [21] . Needless to say that distinguishing the LHT from the MSSM generally requires studying of all detectable experimental signatures induced by various production mechanisms predicted by the models.
2) t −t− and b −b− production
For the particular choice of κ = 1, which makes t − and b − heavier then T − , the t −t− production rate is at least one order of magnitude (depending on the value of f ) lower than the T −T− rate. In case of t −t− production, there will be two b-jets associatively produced with a pair of OSL or 1L in its event signature. Likewise, the b −b− process gives rise to a tt pair in addition to the OSL or 1L signature. The rate for OSL+tt signature is presented in Fig. 14 by dashed line. The rate for OSL+bb from t −t− production is very similar and is not shown. Depending on κ, t −t− production rate could be higher or lower than the T −T− production rate, making it, respectively, harder or easier to observe.
3) T +T+ production
Since T + is heavier than T − , the pp → T +T+ production rate (similar to the t −t− or b −b− production rate) is at least one order of magnitude lower than the T −T− production rate (depending on the value of f ). The highest rates are for T +T+ → W + W − bb signature which should be checked against the SM tt background. The rate for OSL+bb signature is presented in Fig. 14 by the dot-dashed line. Again, the techniques discussed about for using the large invariant mass of the heavy system in the signal event to distinguish it from the SM background event could be useful for detecting the signal event in this channel.
4) single T + production
The rate of single-T + production associated with a light quark via t-channel electroweak interaction is actually higher than the rate of T +T+ pair production via strong interaction, as clearly shown in Fig. 7 . The dominant experimental signature of the signal event is the same as the SM single-top event though it is expected with a much larger missing transverse momentum. In Fig 14 the dotted line presents the rate of 1L signature originated from the single T + production in association with the light quark. Furthermore, the transverse mass of the signal event will be larger than that of the SM single-top event. In analogy to the SM single-top event, the single-T + q event is also characterized by a forward-jet which populates in the large rapidity region and can be used to suppress tt and W bb backgrounds [27] . Again, a Monte Carlo study is needed to draw any definite conclusion about its detection at the LHC. 750  1000  1250  1500  1750  2000  2250  2500  2750   750  1000  1250  1500  1750  2000  2250  2500  2750   400  500  600  700  800  900  1000 1100 1200 1300 FIG. 15: Rates for opposite-sign lepton and associate Higgs production signatures from T-odd boson and T-odd quark associate production, V H q − , at the LHC.
As discussed in Ref. [16] Higgs boson production rate via gluon-gluon fusion process is always smaller than that predicted by SM. However, because in most part of the model parameter space, a heavy T-odd Z H decays almost entirely into a ZH pair, it provides new production channels for the SM-like Higgs boson. The experimental signature of the q − V H pair production can be classified as follows.
This signal process gives rise to OSL and 1L signatures with one less jet as compared to the T-odd heavy quark pair production, but without the LSL signature. The OSL signature rate for this process is presented as the solid line in Fig. 15 .
The interesting decay chain of this signal process is
in which a high P T Higgs boson is associatively produced with a W -boson. Its event rate
is large, at about 12 fb level for f = 1 TeV and κ = 1. With a large E T in the event, it could be detectable, though a detailed Monte Carlo study is needed. The respective rate for Fig. 15 by the dashed line.
however not a promising channel to look for the signal, because the SM backgrounds, such as the W Z(→ νν) production, could be quite large.
The experimental signatures of V H V H events are similar to that of q − V H events, but with one less high-P T jet. Therefore, it requires a larger production cross section to detect such a signal event.
1) Z H W H production
The event rate of Z H W H → A H HW A H is about the same as that for q − V H production, but with almost 100% decay branching ratio. The rate as a function of f is presented in Fig. 16 by the dashed line. Its experimental signature is the W H associate production with large missing E T . 
2) W

Heavy T-odd Higgs boson production
The highest heavy T-odd Higgs production rate, with its cross section around 1 fb for f ≃1 TeV, comes from the φ ++ φ − or φ −− φ + production channels. For the model parameters under study, there is no allowed two-body decay mode for φ ++ boson, due to mass constraints. Nevertheless, 3-body decay modes of φ ++ can take place at tree level, and it is also possible to have 2-body radiative decay modes dominating the decay branching ratios of φ ++ . Hence, there will be multiple jets and leptons in such kind of signal events.
V. CONCLUSIONS
The Littlest Higgs model with T-parity (LHT) [5, 6, 7, 8] is an attractive Little Higgs model which provides not only solution to the Little hierarchy problem but also a possible dark matter candidate [9] . Because of the T-parity, T-odd gauge bosons contribute to the electroweak observables at the weak scale in pairs, hence, the mass scale (f ) of new particles predicted in this model can be as low as 500 GeV [7] . With the possibility of such a low mass scale, many interesting phenomenology has been studied in the literature [6] . In order to implement T-parity in the fermion sector of the model, the heavy T-odd SU(2)-doublet fermions, which are T-parity partners of the SM fermion doublets, have to be introduced. A preliminary study on the phenomenology of these T-odd SU(2)-doublet fermions in the LHT was reported in Ref. [10] . In this paper, we present a detailed study of the phenomenology of the LHT with the emphasis on the role of the T-odd fermions in high energy scattering processes at the LHC.
In Sec. II, we present the effective Lagrangian of the LHT studied in this paper. Some (17), (18) and (20) . A detailed discussion on the J = 1 partial-wave amplitudes in the coupled system of (tt, T +T+ , bb, W W, Zh) states, which are relevant to the top Yukawa coupling, is presented in Appendix B. Finally, we note that the T-parity symmetry is correctly implemented in our effective Lagrangian such that the [SU(2) × U(1)] 2 gauge symmetry is non-linearly realized in all sectors, including the bottom quark Yukawa interaction sector. (It differs from the model presented in Ref. [6] in which the similar sector is not gauge invariant.)
In Sec. III, we stress the importance of the T-odd SU(2) doublet fermion contributions to high energy processes. As an example, we discuss the high energy behavior of uū → W
through partial-wave analysis. To have a gauge-invariant amplitude, both types of Feynman diagrams shown in Fig. 2 need to be included in order to satisfy unitarity condition in high energy collision. Furthermore, as shown in Sec. II, the mass of q − is bounded from above by low energy data in this effective theory. Therefore, the decoupling limit of the T-odd fermions is not a realistic assumption and the T-odd fermion contribution generates important correction to uū → W + H W − H process, which has not been taken into account in the previous study [6] .
Because the mass of the T-odd SU(2) doublet fermions cannot be too heavy, cf. Eq. (10), they can be copiously produced at the LHC. Therefore, in Sec. IV, we study the collider phenomenology of the LHT with emphasis on the contributions of the T-odd fermion to the production of the heavy T-parity partners (either bosons or fermions) at the LHC. Fig. 6 shows the production cross sections of the first and second generation heavy T-odd quarks.
As shown, their cross sections are quite sizable at the LHC. In Fig. 7 , we show the similar plot for the third generation heavy T-odd and T-even quarks. As discussed in Sec. II, the LHT contains additional T-odd and T-even heavy quarks which are the T-parity partners of top quark. The T-even partner (T + ) of top quark can be produced singly or in pairs.
We also show in Fig. 8 the associate production cross section of T-odd fermions and T-odd gauge bosons. The associate production cross sections of T + and weak gauge bosons are also shown in the same figure. In Fig. 9 , we show the production cross sections of heavy T-odd gauge boson pairs. As an illustration, the dependence of the pp → W + H W − H production on the mass of T-odd fermion is given in Fig. 10 . For completeness, we also show the production rate of heavy T-odd Higgs bosons in Fig. 11 , though their production rates are generally small.
Before we discuss the probable experimental signatures predicted by this model at the LHC, we presented typical decay branching channels of the T-parity partners in Table III and Fig. 12 . It turns out that the result of Table III is Combining the information on the production cross section of heavy particles and their decay branching ratios into particular decay channels, one can easily calculate production rates of events with certain experimental signature. Some of those results are shown in the remaining figures of the paper.
We concluded in Sec. IV that the like-sign di-lepton signature of the 1st and 2nd generation heavy T-odd quark pair production is the most useful channel to discover these new have quarks at the LHC. Because the heavy T-odd gauge boson Z H almost always decays into a pair of Higgs boson H and T-odd photon A H , the production processes with Z H in the final state provide a new production mechanism for single-Higgs or Higgs-pair production.
Their rates are presented in Figs. 15 and 16 , respectively.
We also provide for the first time the complete CalcHEP LHT model files including T-odd SU(2) doublet fermions, which is available at http://hep.pa.msu.edu/LHT/.
We also provide for the first time the complete CalcHEP LHT model files including T-odd SU(2) doublet fermions which is available at http://hep.pa.msu.edu/LHT/.
In Tables IV, V are the left-handed and right-handed projection operators, respectively. We note that in those tables we have suppressed the CKM matrix element dependence. For example, from c L γ µ P L ), after restoring the CKM matrix element V tb derived from the interaction Lagrangian. In the above expression, the product of V tb c L , which is defined as V ef f tb , should be identified with the CKM matrix element determined from the low energy processes (or from measuring the SM single-top direct production rate at the Tevatron or the LHC [27, 28] 
Interaction
Feynman rule Interaction Feynman rule the initial state fermion (anti-fermion) and λ ′ (λ ′ ) for the final state fermion (anti-fermion), and for bosons, µ = 0. T µµ ′ is a helicity amplitude with µ and µ ′ .
Writing the channels in the order t +t− , (T + ) + (T + ) − , W + W − , hZ, t −t+ and b −b+ , the J = 1 partial wave amplitude matrix a 1 is given by
where R = λ 1 /λ 2 . Here we have assumed that the center-of-mass energy √ s is much larger than masses of particles considered here, and only couplings in top sector are relevant, and gauge couplings and all other Yukawa couplings are taken to be zero. We have not shown explicitly the color indices in Eq. (B2), however all color neutral channels should be taken into account. Thus the J = 1 partial wave amplitude matrix in this system is 14 × 14. Note that the parameter R is the only unknown parameter in Eq. (B2), and the absolute value of the largest eigenvalue of the J = 1 partial wave amplitude matrix increases as R gets larger. The requirement that the absolute value of the largest eigenvalue be less than a half (|a 1 max | < 1/2) yields the upper bound on the parameter R as
for M t = 175 GeV. In terms of s α , this bound corresponds to
since R = s α /c α . Using the top-quark mass constraint, cf. Eq. (17), this bound generates a bound on λ 1 as
for M t = 175 GeV.
